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The separation of time and space in processing a sample greatly simplifies the design of automation for clinical testing. The efficient spatial arrangement of analytical units and sample manipulators has become a more complex task because of the degree of automation required on today's state-of-the-art analyzer. Minimization of sample volume and the reduction of overall analyzer size further complicate the design problem. We report the development of a proprietary method of decoupling the temporal and spatial elements required for analysis of samples. This process is based on number theory and can be used to optimize the distance between the physical processing stations while allowing these same stations to operate on samples over a substantial range of times. The technique is versatile and can also be used when it is desirable to sequentially move groups of items from location to location.
Indexing Terms: ir,stnimentation /number theoty /constrained optimization
Historically, the development of new diagnostic concepts has focused on assay methodology with little regard to the instrumentation that must implement these assays through automation.
Further, constraints dictated by automation approaches have led to undesirable compromises between such performance factors as throughput and the quantity of data acquired during individual assays.
During a recent instrument development program at Dade International, we designed a device that could process assays according to a temporal sequence optimized for analytical purposes, while still allowing a high degree of flexibility in mechanical design (1). This design makes use of a fundamental principle of number theory to move reaction vessels through a series of processing stations located on the instrument. This motion simplified the design of our instrument, improved reliability, and allowed a substantial increase in the amount of data collected. We refer to this motion as a "prime indexed" motion (the derivation of this term will be explained later).
Principles Terminology
Process motion.
In 
Movement index.
Typically, a cuvette is the reaction vessel used to contain the aliquot of patient's specimen. These reaction vessels move for a certain time and then stop while the various processing activities occur. We call the distance covered by the movement between each of these processing stops the movement index (or more simply, the index). Another concern in the design of a clinical analyzer is the placement of the sample-processing elements.
It is important to give the designer as many options as possible in positioning these elements.
Considerations of optimal chemical processing of the samples, user accessibility for maintenance, and a general orderly appearance are important design issues that require this flexibility.
We call this variable the design layout flexibility. The complex rotating system is the next category of motion complexity.
In this system, analytical functions are placed around a carousel that holds reaction vessels (cuvettes).
The carousel does a simple precessionary motion at predictable times. Each movement consists of one complete rotation plus one cuvette position (e.g., for a carousel with 36 cuvettes, the motion would be 3600 + (360#{176}/36) = 370#{176} total), resulting in a net movement of one cuvette position. 
Materials and Methods
The design goal for our new system was to provide analytical flexibility with a high data-collection rate in a very compact area. Our initial investigations centered on different forms of the complex rotating system. We needed to discover the relation between these two variables and then find a particular instance of this relation that satisfied all of our design goals.
From number theory, to have each cuvette on the carousel stop at a given processing station once before any cuvette makes a repeat stop at that station, the size of the carousel and the size of the index must be relatively prime numbers Given that the size of the index is relatively prime to the size of the carousel, then the position of the cuvette on the carousel is the residue (remainder) of dividing the carousel size into the product of the index size and the index count. The only thing that determines the final position of the carousel after an index is this remainder. Because the relationship between the carousel size and index is one of relative primeness, we call this motion prime indexed motion. Fig. 1 The requirement in this case is that the quotient of the division of the carousel size by the number of samples must be relatively prime to the quotient of the index size divided by the number of samples.
In other words, the size of the index for the entire group is relatively prime to the carousel size after the carousel has been scaled by the group size. Because one of the requirements of relatively prime numbers is that they be integers, the group size must divide evenly into the carousel size.)
If the index size is larger than the carousel size, all the sample carriers on a carousel will pass any position at least once during each index movement.
Locating a device, e.g., a spectrophotometer capable of measuring the reaction in the cuvettes as they move past it, somewhere on the periphery of the carousel provides the means to read each of the reactions in all cuvettes in each rotation cycle. This motion meets the design goal for high data density.
The remainder of the design goals are met by the appropriate selection of the index size and carousel size. These sizes can be selected by a variety of methods. Initially, these selections were made empirically. However, a more systematic approach uses the mathematical technique of constrained optimization (see Appendix). 
Discussion
The use of prime indexed motion has several benefits for automating clinical instrumentation.
It is very effective in spatially distributing sample-processing hardware (e.g., sample dispensers, reagent dispensers, and mixers) that must operate on a sample at consecutive time intervals.
Distributing the hardware this way makes for more efficient use of the platform space available.
This motion also allows a more efficient use of the hardware elements. For example, the same piece of hardware (e.g., a reagent addition station) could be used more than once during the processing cycle. In prime indexed motion, each sample visits the same general location at different times before it exits the system. This affords the opportunity for hardware to interact with the sample at multiple times, provided the station has sufficient flexibility to reach spatially adjacent reaction vessel carrier positions. These benefits accrue without substantially increasing the hardware or software complexity. The major penalty is paid at the design stage, when appropriate values for carousel size, index size, and movement period must be determined.
By using an optimization algorithm, the process of finding optimal parameters is much quicker and easier.
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